This work provides experimental fluid phase equilibrium data of the pseudo-ternary mixture CO 2 + ethanol + fish oil, a system of interest in pharmaceutical and food-industry applications such as the production of omega-3-enriched lipid derivatives at mild, non-oxidative conditions. Experimental tie-lines were obtained by means of an analytical isothermal method with recirculation of the vapour phase. Measurements were carried out in the temperature range 323.15 K-343.15 K and at pressures from 10 MPa to 30 MPa. The Peng-Robinson equation of state coupled with the conventional van der Waals mixing rules with two adjustable parameters was used for experimental data correlation.
INTRODUCTION
Dense carbon dioxide is expected to play an important role as a reaction medium in ecologically friendly processing. Enzyme-catalysed ethanolysis of lipid sources in supercritical carbon dioxide (SC-CO 2 ) or CO 2 -expanded media can be used to improve the production of lipid derivatives, including concentrates of omega 3 polyunsaturated fatty acids (n-3 PUFAs) from fish oil [1, 2] . However, the relatively low solubility of the reactants in SC-CO 2 limits the reaction performance in this medium; thus, a CO 2 -expanded media is preferred to minimise mass transfer limitations [3] . Understanding the phase behaviour of the ethanol + fish oil substrate mixture with CO 2 would help in the selection of adequate ethanolysis conditions (pressure, temperature, ethanol-to-oil ratio, and amount of dissolved CO 2 in the reaction mixture). This knowledge can be also extended to other potential applications and may be of interest in the fish oil industry, since SC-CO 2 or CO 2 -expanded media can be used throughout all the n-3 PUFA concentration process, including the supercritical extraction of the fish oil [4] , the refining step [5] , the separation and fractionation of the reaction products [6, 7] , or the formulation of the final product by means of particle formation techniques [8] .
Experimental data related with high-pressure phase equilibrium of the binary system CO 2 + ethanol are extensively reported in the literature [9] [10] [11] [12] [13] [14] . Besides, ternary and higher systems comprising CO 2 and pure triglycerides, other lipid derivatives and their mixtures have been also investigated [15] . However, only a few data regarding the phase equilibrium of pseudoternary mixtures of CO 2 , ethanol, and edible oils can be found in the literature, and these data are usually related to the solubility of the lipid compounds in CO 2 with ethanol as a co-solvent [16] .
Several publications have previously reported fluid phase equilibrium of pseudo-ternary mixtures of CO 2 + ethanol + vegetable oils. However, to our knowledge, this is the first work dealing with oils rich in n-3 PUFAs from animal sources, such as fish oil. Geana and Steiner [17] reported fluid phase equilibrium data for the pseudo-ternary system CO 2 + ethanol + rapeseed oil in the temperature range 313 K-353 K and at pressures from 6 MPa to 12 MPa, satisfactorily correlating the phase behaviour with the Peng-Robinson equation of state (PR EoS) [18] coupled with the conventional van der Waals mixing rules with two adjustable parameters (vdW2). Ndiaye et al. [19] studied the fluid phase equilibria of binary and ternary mixtures involving CO 2 , ethanol, soybean oil, castor oil, and their fatty acid ethyl esters. The pseudo-ternary system CO 2 + ethanol + castor oil was studied at fixed ethanol-to-oil ratios, temperatures ranging from 313.15 K to 343.15 K and pressures from 2.13 MPa to 27.13 MPa.
Experimental data were correlated both with PR EoS vdW2 and the Statistical Associating Fluid Theory (SAFT) [20] with one binary interaction parameter. Among these two models, the authors considered that SAFT EoS described better the phase behaviour of the pseudoternary system, yet they pointed out at some deviations from their experimental results, such as the over-prediction of the cloud point pressure at high ethanol ratios [20] . Hernández et al. [21] investigated the fluid phase equilibrium behaviour of the pseudo-ternary mixture CO 2 + ethanol + sunflower oil at two different conditions of temperature and pressure (313.15 K and 13 MPa; 333.15 K and 20 MPa). A group contribution equation of state (GC EoS) [22] was used to correlate the experimental data. Two different sets of parameters were adopted for the interaction between the triglyceride and the alcohol groups, one of them corresponding to the Liquid + Liquid (L1+L2) 2-phase region, and the other to the Vapour + Liquid (V+L2) 2-phase region. More recently, Dalmolin et al. [23] studied the phase transitions in the system CO 2 + ethanol + rapeseed oil, at temperatures in the range 313.15 K-343.15 K and pressures up to 22.53 MPa. They found a 3-phase region with a Vapour + Liquid + Liquid (V+L1+L2) phase transition that occurred at higher pressures when increasing temperature, and satisfactorily explained their experimental results with the PR EoS vdW2 model. In this work, the phase behaviour of the pseudo-ternary mixture CO 2 + ethanol + fish oil in the temperature range from 323.15 K to 343.15 K and pressures from 10 MPa to 30 MPa has been determined by means of an analytical isothermal method with recirculation of the vapour phase (AnTVcir, as described by Dohrn and Brunner [24] ). The main goal of the study involves a contribution towards understanding the phase behaviour of systems containing CO 2 , ethanol, and oils rich in n-3 PUFAs. The knowledge obtained will be useful in the development of applications involving these pseudo-ternary mixtures, such as the previously mentioned enzymatic reactions, supercritical extraction and fractionation, and particle formation techniques.
EXPERIMENTAL

Materials
Fish oil was provided by AFAMSA S.A. (Pontevedra, Spain) being a mixture of tuna (Thunnus sp.) and sardine (Sardina pilchardus) refined oils. The fatty acid profile and free fatty acid content of the fish oil have been determined according to AOCS methods [25] . The fatty acid profile has been previously reported [26] and is also provided in [27] .
FAEE content was found less than 0.001 mole fraction and it was considered not to affect the phase equilibria. Hidrolysis of the fish oil was also evaluated by means of the free fatty acid content [25] , finding a maximum increase up to 0.81 ± 0.05 % oleic acid at the highest studied temperature (343.15 K). Fatty acid profile was also determined after phase equilibria measurements, finding no significant changes compared to the initial profile (Table 1) .
Additionally, since fish oil is rich in polyunsaturated fatty acids (Table 1) it is very prone to oxidation. Therefore primary oxidation was evaluated by means of peroxide value analysis [28] before and after phase equilibria measurements. Although PV slightly increased from 2.0 ± 0.2 meq O 2 /kg to 3.5 ± 0.1 meq O 2 /kg, oxidation products are minor components present in small amounts that would not affect the phase equilibria of the system.
Apparatus and procedure
A schematic diagram of the high-pressure apparatus used for fluid phase equilibrium measurements is shown in Figure 1 then charged into the cell by using a high-pressure syringe pump (ISCO 260D). The exact amounts of fish oil and ethanol were calculated using their respective densities at room temperature, whereas the mass of CO 2 charged into the cell was measured by a Coriolis mass flow meter (Rheonik RHE015). Once the cell was charged and the desired pressure was adjusted by actuating the manual screw piston, the gear pump was connected and recirculation of the vapour phase was performed for at least 2 h to facilitate the mixing of the components and its distribution in the different phases of the system. The system was then let to stand for another 2 h at constant temperature and pressure. Phase separation was visually verified through the sapphire window and samples from the vapour and liquid phases were taken by the 6-way and the micro-metering valve, respectively. Pressure variations up to ±0.1 MPa were observed during sampling, while temperature change was not detected. Overall standard uncertainties in the equilibrium measurements were u(p) = ± 0.15 MPa, u(T) = ± 0.1 K, and u(w i ) = ± 0.005; being w i the mass fraction of component i.
Samples were decompressed to atmospheric pressure and released CO 2 was measured by means of a thermal mass flow meter (Bronkhorst F-110C). Ethanol and fish oil were separated from CO 2 and collected in an ice-cooled glass trap. The amount of each component was determined by weighing the vials in a precision analytical balance (accurate to ± 0.0001 g) before and after evaporation of ethanol at T = 373.15 K.
RESULTS AND DISCUSSION
Experimental data
In order to check the reliability of the apparatus and experimental procedure, preliminary measurements of the binary system CO 2 + ethanol were carried out. Experimental highpressure phase equilibria data of the CO 2 + ethanol binary system are summarised in Table 2 .
The results obtained were compared with data taken from literature [9, 12] , finding a good agreement ( Figure 2 ).
Experimental high-pressure phase equilibrium data of the pseudo-ternary system CO 2 + ethanol + fish oil are listed in Tables 3-5 
Data correlation
In this work, fish oil has been treated as a pseudo-component, assuming that the different triacylglycerols present in the fish oil behave in a similar way, which has been previously verified [26] . Experimental phase equilibrium data of the pseudo-ternary mixture were correlated with the Peng-Robinson equation of state (PR EoS) in combination with the conventional van der Waals mixing rules with two adjustable parameters (vdW2).
The PR EoS, was used as originally defined by Peng and Robinson [18] :
where the parameter a is related to the intermolecular attractive forces and b to the size of the molecules. For a pure fluid, constant b takes the value:
where T C and p C are the critical temperature and pressure of the pure fluid, respectively.
a(T) is a function of temperature:
where 
Binary mixture parameters are defined by the quadratic van der Waals mixing rules:
here, z is either x or y and k ij , l ij are adjustable binary interaction parameters. For a pure fluid,
The molecular weight (MW), critical properties (T C and p C ) and acentric factor (ω) of the components of the system are listed in Table 6 . Values for CO 2 and ethanol were obtained from the literature [30] whereas group contribution methods were used to estimate the critical properties and the acentric factor of the pseudo-component fish oil [31, 32] .
Binary interaction parameters k ij , l ij in Equations 9-10 were estimated and fugacity ϕ were calculated for each data set according to [18] . Simultaneously, Table 7 . The CO 2 + ethanol interaction parameters (k 12 , l 12 ) were estimated by correlating binary experimental data obtained in this work (Table 2) together with experimental data taken from literature at 323.15 K and 343.15 K [9, 12] to the PR EoS vdW2 model, and were fixed in the calculations of the pseudo-ternary system. Figure 2 . Experimental data points with deviations larger than 0.0001 from the calculations (according to Equation 11 with j = 1) were not taken into account.
Results of this fitting are shown in
The PR EoS vdW2 model was not fully capable of representing the different types of phase equilibrium (L1+L2, V+L1 and V+L2) when the same ethanol + fish oil interaction parameters (k 23 , l 23 ) were applied in the correlation, thus different sets of binary interaction parameters were adopted for the ethanol + fish oil mixture in each of the 2-phase regions observed. This procedure is similar to the one followed by Hernández et al., who adopted different sets of parameters for the interaction between the triglyceride and the alcohol groups in the correlation of CO 2 + ethanol + sunflower oil phase equilibrium data with GC EoS [21] .
The Peng-Robinson equation of state with Wong-Sandler mixing rules [33] (PR WS EoS) was also explored in order to overcome this deficiency. However, no significant improvement in the correlation of experimental data was achieved and therefore we chose the PR EoS vdW2 model due to its simplicity. As Hernández et al. [21] pointed out, it is likely that a more extensive set of binary ethanol + fish oil phase equilibrium data would be necessary. The estimated interaction parameters for the CO 2 + oil and ethanol + oil binaries are of the same order as the ones obtained in this work. Differences could be attributed to the different fatty acid composition of the oils. Rapeseed oil is composed mainly by C18:1, C18:2 and C18:3 fatty acids [17] , whereas fish oil mainly constituents are C16:0, C18:1 and C22:6n-3 [26] . Similar values for these parameters can be also found in other available publications dealing with rapeseed oil [23] and other vegetal oils such as castor oil and soybean oil [19] .
Thermodynamic consistency
Thermodynamic consistency of the experimental data has been tentatively tested by means of the method proposed by Valderrama and Faúndez [34] for high pressure gas-liquid equilibrium data including both phases, which has been adapted to ternary mixtures at isobaric conditions. This method can be considered as a modeling procedure since a thermodynamic model that can accurately fit the experimental data must be first used to apply the consistency test [34] .
The expression of the Gibbs-Duhem equation given in [34] at isothermal, isobaric conditions can be reduced to:
(isothermal, isobaric conditions dT = 0, dp = 0)
which can lead to an expression similar to that given by Van Ness [35] : Standard uncertainties are u(percentage) = ± 0.5 
